This study demonstrates that populations of defective interfering Semliki Forest virus (DI SFV) are heterogeneous particularly in respect of their interference properties. Interference was quantified by two assays, one measuring inhibition of the yield of infectious progeny virus, and the other measuring reduction in virus-directed RNA synthesis; for 11 different DI SFV preparations a ratio of the two interference titres was calculated. These ratios varied up to 46-fold indicating that each DI virus preparation contained an interference activity that varied independently of the other. However, sister stocks made from the same parental inoculum had similar properties. The effects of different DI virus preparations on other parameters (virus polypeptide synthesis, yield of DI virus and yield of infectious virus) were investigated using inocula with interference titres standardized by either assay. Co-inoculation of L929 cells with 50 p.f.u. SFV showed that these parameters varied independently of each other and of the DI virus inoculum. There was no correlation with the number of undiluted passages each DI stock had received. Direct evidence of physical heterogeneity was demonstrated by metrizamide density gradient centrifugation. Although infecting virus sedimented as a narrow band, DI SFV was distributed over a broad region of the gradient. Its position on the gradient indicated that DI SFV has a higher nucleic acid : protein ratio than standard virus. DI virus progeny obtained by using fractions of the gradient as inoculum were as heterogeneous as the unfractionated parent, confirming that DI viruses retain heterogeneity on passage.
INTRODUCTION
Defective interfering (DI) virus particles are generated during infections initiated at both high and low multiplicities (for review, see Perrault, 1981 ; Barrett et al., 1981) by mechanisms that result in the deletion of part (often the majority) of the standard (infectious) virus genome. As a result DI viruses are only propagated in cells co-infected with the homologous standard virus. They become enriched relative to standard virus in the population and the yield of infectious progeny is reduced (Huang & Baltimore 1970 , 1977 Perrault, 1981) .
DI viruses have been observed in nearly every animal virus system studied, including the alphaviruses Semliki Forest virus (SFV) and Sindbis virus (Bruton & Kennedy, 1976; Schlesinger et al., 1972) . Much is known about the sequence of DI virus genomes, particularly of vesicular stomatitis virus (VSV) (Reichmann & Schnitzlein, 1979; Perrault, 198 l) and influenza virus (Nayak, 1980) , but the molecular mechanisms of generation, enrichment and interference are still poorly understood (Perrault, 1981 ; Lazzarini et al., 1981) .
Recent studies of virus RNA extracted from a preparation of DI SFV have shown that it consists of a heterogeneous population of molecules which vary with respect to size and sequence (K/i/iri~iinen etal., 1981; Pettersson, 1981; Lehtovaara etal., 1981 Lehtovaara etal., , 1982 S6derlund et al., 1981) . DI SFV RNA is not merely a standard virus genome with a major deletion but the remaining sequence has undergone further and varied deletions, rearrangements and duplications. These findings suggest that the genome structure and mode of interference of DI SFV are not as simple t Present address: VIDO, University of Saskatchewan, Saskatoon, Canada SN70WO.
0022-1317/84/0000-6113 $02.00© 1984 SGM as they first appeared (Kennedy, 1976; Sta/k & Kennedy, 1978; Stollar, 1979 Stollar, , 1980 . DI Sindbis virus RNA sequences are also heterogeneous (Dohner et al., 1979; Monroe et al., 1982; Monroe & Schlesinger, 1983) . There is evidence too of some physical heterogeneity of the genomes of DI VSV (for reviews, see Reichmann & Schnitzlein, 1979; Perrault, 1981) and DI rabies virus (Wunner & Clark, 1980) when they are first generated and with DI influenza viruses there are a variable number of small RNA segments in different DI virus preparations (Crumpton et al., 1978; Nayak, 1980; Jennings et al., 1983) .
With such heterogeneity in genome size it is an obvious question to ask whether there is a corresponding heterogeneity in biological properties of DI viruses. However, investigation has been hampered by the lack of quantitative assays. DI VSV preparations of defined particle length show differences in their abilities to induce the synthesis of interferon (Marcus & Sekellick, 1977) , modulate infection in mice (Jones & Holland, 1980) and to autointerfere (Rao & Huang, 1982) . Similarly, the in vivo properties of rabies virus in mice are variable (Clark et al., 1981) . However, as yet there has been no systematic study of the biological activities of DI viruses in any system. Here we have surveyed the properties of a number of preparations of DI SFV. We have found that the ratio of the interference titres of 11 DI SFV preparations measured by two different quantitative assays varied by up to 46-fold, showing that each DI virus preparation contained an interference activity that varied independently of the other. Using inocula of standardized interference titre, the effects of these DI SFV preparations on the yield of infective progeny, on the yield of DI virus and on virus polypeptide synthesis were determined. Different DI SFV preparations varied considerably in these properties. Variation was not coordinate and a particular spectrum of interference properties was not maintained on passage. These findings are entirely consistent with variation in DI virus-mediated interference using different strains of SFV standard virus or in heterotypic interference with standard Sindbis virus (Barrett & Dimmock, 1984 a) and with the variable modulation of SFV infection in mice (Barrett & Dimmock, 1984b) .
METHODS
Virus. SFV (standard virus; ts ÷ strain) was propagated in baby hamster kidney (BHK-21) cell monolayers. Cultures were inoculated at a multiplicity of infection (m.o.i.) of 0.1 p.f.u./cell and incubated for 18 h at 33 °C. After harvesting, tissue culture fluids were clarified by low-speed centrifugation before storage at -70 °C. DI SFV was prepared by serial passage in BHK cells at an m.o.i, of 50 (Bruton & Kennedy, 1976) . DI SFV stocks are designated by the number of high-multiplicity passages that they have undergone and sister stocks by a letter (e.g. p l 3a, p l 3b, etc). All stocks were derived from the DI virus of Dimmock & Kennedy (1978) which had been passed eight times (p8) in BHK cells, except p5 which had been propagated independently from standard virus. Some later stocks were also passed in chick embryo fibroblast cells. Accordingly, passages are denoted B (for BHK) and C (for CEF) and a number denotes the number of passages in such cells.
Cells. Primary chick embryo fibroblast (CEF) cells were grown according to Morser et al. (1973) . BHK-21 and mouse L929 cells were grown as monolayers by standard methods. Virus was plaque-assayed in CEF cells (Kennedy & Burke, 1972) at 33 °C, with overlay medium containing 0.02~ DEAE-dextran.
Interference assays of DI virus Yield reduction assay (YRA) . Mouse L929 cells (2 x 105) were seeded in 1 ml growth medium (GMEM), containing 10~ newborn calf serum (NCS; Flow Laboratories) in flat-bottomed glass tubes approx. 12 mm diam. and 50 mm high (Regina Industries, Stoke on Trent, U.K.) and used after overnight incubation at 37 °C. Assays were done in quadruplicate. A DI SFV preparation was diluted into maintenance medium containing 4 x 106 p.f.u./ml standard virus and 2 gg/ml actinomycin D. After inoculation (250 ~tl/tube; m.o.i, of 5) and incubation for 1 h at 37 °C, medium was removed and monolayers were washed once with warm phosphatebuffered saline (PBS). Medium (GMEM, 1 ml) containing 2~ NCS and 2 ~tg/ml actinomycin D was placed in each tube and at 16 h post-infection each culture was harvested and stored at -70 °C prior to assay for infectivity.
Virus RNA synthesis inhibition assay (RSIA). This was carried out as described above for the YRA except that monolayers were pulsed with [3H]uridine (sp. act. 30 Ci/mmol; Amersham) at 4 to 5 h after infection. The incorporation of TCA-insoluble [3H]uridine in the presence of actinomycin D into virus-specified RNA is inhibited in a dose-dependent manner by DI SFV (Barrett et al., 1981) . The interference titre is defined as the reciprocal of the dilution of DI virus in 250 ~tl that reduces RNA synthesis by 50~ and is called a 'defective interfering unit' (DIU). With the assumption that interference is exerted by at least one DI particle (DIP) per cell and is an 'all-or-nothing' effect, the number of DIP/DIU can be calculated from the Poisson distribution.
Propagation of Dl virus at constant muhiplicity. L929 monolayers (in 5 cm Petri dishes containing 2 × 106 cells) were inoculated with 4 DIP/cell and 50 p.f.u./cell standard virus. One set of cultures received 4 DIP/cell as measured by the YRA and another the same multiplicity as measured by the RSIA (see Results). After I h at 37 °C, the inocula were removed, cell sheets rinsed three times and incubation continued for 18 h with 5 ml GMEM containing 2~ NCS and 2 ~tg/ml actinomycin D. Supernatants were then harvested and stored at -70 °C until titrated for DI virus and infectivity.
Analysis ofintracellular virus polypeptides. Monolayers of L929 cells, prepared as for the YRA, were rinsed with PBS and incubated overnight at 37 °C in GMEM containing 2~ NCS and 2 ~tCi/ml [3H]thymidine (sp. act. 25 Ci/mmol, Amersham). Medium was then removed, the monolayer rinsed with PBS and inoculated with an m.o.i. of 50 p.f.u./cell + 4 DIP/cell (measured by the YRA or the RSIA) in methionine-free GMEM containing 2 gg/ml actinomycin D. At 4 h post-infection, monolayers were labelled with 50p_Ci/ml [35S]methionine (sp. act. 800Ci/mmol, Amersham) in methionine-free GMEM containing actinomyein D. After 1 h at 37 °C, the supernatants were removed and the cells rinsed with PBS, frozen and thawed in solid CO2/methanol and dissolved in detergent (10~ SDS, 10mM-Tris-HC1 pH 7.4). The amount of [3H]thymidine incorporated was then determined so that the number of cells used for analysis of virus polypeptides could be standardized.
Polyacrylamide gel electrophoresis (PAGE).
Polypeptides were resolved on a 3 to 25~ linear gradient of polyacrylamide gel with a reversed linear bisacrylamide gradient (0.4 to 0.12~), using the buffer system of " Laemmli (1970) . [Acrylamide and N,N'-methylenebisacrylamide were the specially pure 'Electran' grade; BDH.] Electrophoresis was at 80 V overnight. After washing, gels were dried under vacuum and exposed for autoradiography using Fuji Rx X-ray film. Gel bands were cut out and radioactivity determined after incubating gel slices in 3 ml toluene scintillation cocktail [9~ NCS tissue solubilizer (Amersham-Searle), 0-4~ (w/v) PPO, 0.005 ~ (w/v) POPOP, 1 ~ water in toluene] at 37 °C for 48 h and overnight at 4 °C.
Metrizamide density gradient centrifugation. Stocks of DI and standard virus grown as described above were pelleted at 100000 g in an MSE 3 × 25 ml swing-out rotor for 2 h at 4 °C and resuspended in 250 ~tl TNE (50 mMTris-HCl, 100 mM-NaC1, 1 mM-EDTA, pH 7.4). Concentrated suspensions of virus were layered onto a 10 ml, 20 to 40 ~ (w/v in TNE) linear gradient of metrizamide (Nyegaard Ltd, Oslo, Norway) and centrifuged at 180000 g in an MSE 6 x 14 ml swing-out rotor for 6 h at 4 °C. Fractions (approx. 400 ~tl) were collected and the density of metrizamide was calculated from its refractive index to obtain the densities of DI and standard SFV. It should be remembered that in metrizamide solutions nucleic acids have a lower buoyant density than proteins (Rickwood, 1978) . Metrizamide did not affect interference measured by either the YRA or RSIA.
RESULTS

The yield reduction assay of interference
In order to compare interference by DI SFV preparations it was necessary to devise an assay based on a principle different from that underlying the RSIA (Barrett et al., 1981) although L cells and the same conditions were retained. We chose to base this on inhibition of the yield of infectious progeny virus as described previously by Bellett & Cooper (1959) and Kowat & Stollar (1980) . In this assay and all other experiments reported below, actinomycin D was used to prevent any possibility of the induction of interferon. Fig. 1 shows that there was a proportional decrease in progeny virus as the concentration of SFV DI virus increased. The titre is defined as the reciprocal of the dilution that causes a 50~ reduction in the yield of infectious progeny compared with cultures infected with standard virus alone and is expressed in 'defective interfering units' or DIU. Thus, DI SFV titrated in Fig. 1 has a titre of 1016 DIU/250 ~tl or 102.2 DIU/ml. Assuming that interference is exerted by at least one DI particle/cell and is an 'allor-nothing' phenomenon, the number of biologically active DI particles in a DIU can then be calculated according to the Poisson distribution: thus, at the 50~ endpoint, half the cells will have received one or more DI particles and the monolayer of 2 × 105 cells will have received 1-4 x 10 5 DIP and the titre in Fig. 1 represents a minimum of 10 7.4 DIP/ml (i.e. 10 2.2 X 105'2).
Optimization of the YRA Cell type
Assay ofa DI SFV preparation in different cells resulted in different interference titres. Table  1 shows that the highest titres were obtained with L929 cells and that there was no detectable interference in CEF cells. Similar results were obtained with L929 and CEF cells in the virus RNA synthesis inhibition assay (RSIA) (Barrett et al., 1981) although titres determined using 50, 56, 45, 40, 28, 56, 5() 28, 28, 32, 40, 28, 35, 50, 32, 28 46.4 __+ 3"8t 33-4 + 2"6t 1.4 + 0"051" :~ All permutations of interference titres by the YRA/interference titre by the RSIA were calculated. the other cell types were not consistent between the two assays. It is interesting that DI SFV can be propagated in CEF cells (unpublished data) even though it exerts no interference in these cells by either assay. 
Temperature, incubation time and m.o.i.
Heterogeneity of DI SFV
Comparison of interference titres by two different assays
Interference by a number of DI SFV preparations was assayed by both the YRA and the RSIA (Barrett et al., 1981) which are performed under identical conditions and therefore allow interfering properties to be directly compared. Reproducibility of the assays for interference by one DI SFV preparation (p5) is shown in Table 2 . Eleven DI SFV preparations which had been passaged between five and 19 times at high multiplicity had interference titres which varied by both assays (Table 3) . Variation was not related to passage level. There was no correlation in titre obtained by the YRA or the RSIA and they appeared to vary independently of each other. If the two assays measured the same interference property, the ratio of the titres (YRA : RSIA) should be constant from preparation to preparation. Instead the ratio varied by up to 46-fold, from 0.16 to 7.29 ( sister preparations at passage 13 and passage 17 were relatively constant in interference titre and the ratio of YRA titre to RSIA titre varied by only threefold, suggesting that variation was not completely random.
Parameters of interference
For further investigation into variation in interference, each of eight DI SFV preparations was diluted to a constant interference titre (4 DIP/cell) based on the value obtained by the YRA or the RSIA and inoculated together with standard virus onto L929 cells. The experiment was designed so that three parameters of interference (inhibition of virus polypeptide synthesis, inhibition of infectious virus production and synthesis of DI virus) could be compared. Conditions were the same as those of the YRA and RSIA except that an m.o.i, of 50 p.f.u./cell was used to get sufficient virus polypeptide synthesis. The low levels of infectivity in the DI virus preparations did not significantly alter the m.o.i, of standard virus used in these experiments.
Virus polypeptide synthesis
Polypeptide synthesis in cells inoculated with DI SFV standardized by the YRA is shown in Fig. 2 (a) . The major virus-induced polypeptides (p62, E 1, E2, C) were excised and radioactivity in each was determined. The synthesis of all polypeptides was equally depressed and the synthesis of individual polypeptides was expressed as a percentage of that synthesized by cells inoculated with standard virus alone. These values were summed and the means are presented in Table 4 . Most DI virus preparations reduced polypeptide synthesis to 10 to 15~o of that of standard virus alone, but DI viruses p19 and pl3d gave only 3 and 4~ synthesis respectively. DI virus p5 inhibited less efficiently (30~ synthesis). DI virus inocula standardized by the RSIA showed greater variation in polypeptide synthesis (Fig. 2b) : while most (5/8) inhibited virus polypeptide expression to below 4~, the others (3/8) yielded 27 to 35~ (Table 4) . Clearly there was no correlation between interference titre of the inoculum DI virus and its ability to affect the synthesis of virus polypeptides.
Normally, SFV inhibits host protein synthesis, but DI virus p 17a prevented this shut-off (Fig.  2b) even though it was less efficient than the others at inhibiting virus polypeptide synthesis. It seems, therefore, that the expression of virus proteins does not necessarily cause the inhibition of host cell protein synthesis, and this is at odds with current theories (Wengler, 1980) .
YieM of infectious virus
Most (6/8) DI virus preparations standardized by the YRA (6/8) and half of those standardized by RSIA reduced production of infectious virus to 7~ or less (Table 4 ). The notable exception was DI virus p18 which gave titres of infectious progeny of 74~ or more relative to standard virus, although polypeptide synthesis was greatly decreased (to about 10~) and considerable amounts of DI virus were synthesized. Other DI virus preparations gave intermediate levels of interference. The apparent inability of DI virus p 18 to interfere with virus production, when it clearly did so in the YRA shown in Table 3 , may have been the result of using an m.o.i, of 50 p.f.u./cell rather than 5 p.f.u./cell as in the YRA assay. Table 5 
Yield of DI virus
Yields of DI virus varied up to 100-fold when measured by the YRA and up to 10-fold by the RSIA (Table 4) . Cells inoculated with a DI virus preparation that had a high YRA titre relative to the RSIA titre gave either progeny with a similar ratio of interference titres or with the ratio reversed. For example, DI virus pl7b yielded progeny DI virus which gave a high YRA and a low RSIA interference titre whereas pl 1, inoculated at the same YRA titre, gave interference detectable only by the RSIA.
Thus, we find that cells inoculated with a standardized interfering dose of DI SFV of different passage history gave parameters of interference which varied without respect to the interfering titre of the inoculum and, we emphasize, these variations were completely reproducible. The absence of coordinate variation can be illustrated from cells inoculated by DI virus standardized by the YRA. For example, DI virus p19 caused the greatest inhibition of infectious progeny (99~), a low yield of DI virus by the YRA and a high yield by the RSIA; for comparison DI virus p18 gave a similarly high yield of DI virus by the RSIA, reduced polypeptide synthesis by 89~o and hardly affected the production of infectious progeny; lastly, D! virus pl3d inhibited virus polypeptide synthesis the most efficiently, reduced infectious progeny by 97~ but gave a small yield of DI virus by either assay. The exception to this extreme variation were the sister stocks of p 17 which behaved similarly, although host protein synthesis was less inhibited in the presence of p 17a. Thus, although the properties of DI SFV vary extensively on passage, they are determined by the parental inoculum, although not by the grandparental inoculum. The reasons for the variation are not understood. Weiss & Schlesinger (1973) , Logan (1979) and K/i~iri/iinen et al. (1981) were all unable to separate DI SFV from standard virus using sucrose gradient centrifugation. Bruton & Kennedy (1976) achieved such a separation on CsC1 density gradient centrifugation but this method destroys both infectivity and interference (unpublished data). We have used the non-ionic centrifugation media metrizamide and Urografin to separate partially DI and standard SFV. Although some differences in density were seen using Urografin, the best results were obtained using a 20 to 40~ (w/v) linear gradient of metrizamide in which standard SFV sedimented as a single sharp peak (Fig. 3a) . Standard virus in DI preparations ran in the same position as standard virus alone but DI virus formed a smear across the upper part of the gradient (Fig. 3b), indicating that DI particles were heterogeneous with respect to density. The ratio of interference titres measured by RSIA and YRA across the gradient differed but fractions were positive for both assays. Analysis of other DI virus preparations (p6 and p20) showed that the range of particle densities was variable (data not shown). There was no detectable interfering activity in any fraction of gradients on which standard virus alone was analysed.
Metrizamide density gradient centrifugation
In an attempt to obtain homogeneous DI SFV, we passaged, individually, each gradient fraction together with 50 p.f.u./cell in BHK cells at 37 °C for 24 h. Virus was pelleted and analysed on metrizamide gradients. All the progeny DI virus preparations gave gradient profiles similar to the parent DI virus. One example, the progeny of gradient fraction 16, is shown in Fig.  3(c) . BHK cells infected in parallel with standard virus only and analysed on metrizamide gradients gave no detectable interference. Thus, the sedimentation characteristics of DI virus are not retained on passage and heterogeneity was re-established during a single passage.
Remembering that in metrizamide nucleic acids have a low, and proteins a high, buoyant density (Rickwood, 1978) , it is apparent from Fig. 3 that DI virus particles have a higher RNA :protein ratio than standard virus.
DISCUSSION
This report has compared DI SFV preparations of different passage number by two quantitative assays (the RSIA and YRA) which measure different parameters of interference. Both assays have been optimized to record interference when the parameter being measured is maximal. We are able to compare preparations which contain different amounts of interfering virus because each assay comprises a dilution series and the interference titre represents an interpolation on a dose-response curve. Our data provide evidence that DI SFV is biologically heterogeneous, some preparations having a higher titre by one assay than another while in others the ratio is reversed. We conclude that the two assays measure independently varying parameters of interference acting at the level of virus RNA synthesis (RSIA) and at an unknown level (YRA). Another assay could be devised based on the inhibition of virus protein synthesis ( Fig. 2; A. D. T. Barrett & N. J. Dimmock, unpublished results) and this again would represent an independent variable. The practical implication of these findings is that it is impossible to passage DI SFV and to retain the properties of the parent (Table 4) . Thus, one is limited to working with apparently unrelated batches of DI virus or to defining DI SFV preparations empirically. Clearly, there is an acute need for a method of producing pure populations of DI SFV but, so far, standard methods have been unsuccessful. Using metrizamide density gradient centrifugation we were able to show that DI virus preparations were also physically heterogeneous. Centrifugation analysis also showed that this heterogeneity was maintained on passage even when single fractions from the gradient were used as inocula, one passage being sufficient to restore the original density profile. This finding was very much consistent with the variation in biological properties seen after a single passage.
Our data showing heterogeneity of biological activity and DI particles are entirely consistent with the findings of K/i~iriO.inen et al. (l 981) and Lehtovaara et al. (198 l) who found that SFV DI RNAs consist of a heterogeneous population with respect to sequence. Further, the profound changes in biological properties which we find occur after a single passage were also found with respect to changes in size and sequence of DI RNA by K/i~riainen et al. (1981) . We postulate that a preparation of DI SFV consists of a population of particles of defined but differing RNA sequences which vary in proportion during passage and it is this which results in the variation in interfering properties described in this report. A further source of variation may well arise from changes in the sequence of individual DI RNAs during replication. The extensive biological variation reported above suggests that DI SFV has a very great potential for modulating virus multiplication and we have already found major differences in the effects of DI preparations on the lethal SFV encephalitis in mice (Barrett & Dimmock, 1984b) .
